Background {#Sec1}
==========

With advances in medical care, growing technology, and public health efforts, life expectancies continue to rise despite the accumulation of age-related deficits \[[@CR1]\]. However, while the risk of adverse health outcomes increases with aging, there is considerable variation in risk, even among those with the same chronological age \[[@CR2]\]. Frailty, which reflects multisystem physiological change and vulnerability to internal and external stressors, is a concept used to quantify this elevated risk of adverse health outcomes, and reflects the accumulation of individual deficits that cumulatively result in frailty \[[@CR3]\]. Frailty is an evolving concept that is distinct from aging, disability and the presence of comorbidity \[[@CR4]\]. It can be defined as a dynamic state affecting an individual, with losses experienced in one or more domains of human functioning, incorporating physical, psychological and social components, that adversely affect outcomes \[[@CR5]\]. Due to the increased prevalence of frailty among older adults, the World Health Organization has recognized frailty as an emerging public health interest \[[@CR6]\]. Since then, extensive research regarding the mechanisms, predictive ability, and clinical management of frailty have made it a valid tool for research \[[@CR7], [@CR8]\], and the development of standardised approaches to screening and risk assessment for frailty have been highlighted as a research priority \[[@CR4]\]. Indeed, frailty indices have been shown to be important in guiding patient care \[[@CR4], [@CR7]\], and a survey of 356 Canadian healthcare professionals revealed that 69% considered frailty to be a clinically useful measure \[[@CR8]\].

Operationalizing frailty is challenging and numerous indices have been proposed \[[@CR3], [@CR9]--[@CR12]\]. Use of a frailty index (FI) is commonly employed because this validated measure draws from age-related deficits in multiple domains and does not require performance measures, unlike other phenotypic assessments that consider specific signs or symptoms of frailty through assessments of gait speed and handgrip strength \[[@CR13], [@CR14]\]. The FI also permits some flexibility in deficits considered, as long as at least 30--40 deficits are included, and provides a continuous scoring system with identifiable cut-points for frailty severity \[[@CR3], [@CR10], [@CR15], [@CR16]\]. Several frailty measures have been derived from standard assessment surveys such as the risk analysis index (RAI), and comprehensive geriatric assessment (CGA), both of which have been well validated \[[@CR11], [@CR17], [@CR18]\]. In nursing homes in the US and Canada the minimum dataset (MDS) is a mandated process for clinical assessment of all residents, and provides a comprehensive assessment of functional capacity. This assessment encompasses multiple domains considered in frailty scores, and has been utilised to operationalise frailty in the acute care hospital setting, but has not been used for a full FI in the long term care setting \[[@CR18]\]. A benefit to utilising an existing dataset such as the MDS to operationalise frailty, particularly in older adults in a long term care setting, is the avoidance of performance based tests or self-report of impairments, which are challenging in this cohort.

We are interested in the relationships between frailty and orthostatic hypotension (OH, excessive decreases in blood pressure when upright). OH often reflects autonomic nervous dysfunction, which may be associated with widespread alterations in physiological functioning, and therefore frailty \[[@CR19]\]. In addition, many risk factors for OH (polypharmacy, supine hypertension, autonomic neuropathy and hypovolemia) would constitute deficits in frailty indices. Indeed OH has been defined as a sign of a final common pathway for various forms of disordered physiology, and an indicator of frailty \[[@CR20], [@CR21]\]. In community dwelling older adults, symptoms of orthostatic intolerance (dizziness, light-headedness or unsteadiness when standing up) were associated with markers of frailty \[[@CR22]\]. However, no studies have examined the relationships between frailty and OH in older adults living in long term care facilities, or have used more sensitive measures to assess cardiovascular autonomic control.

In community dwelling older adults, frailty has been shown to be associated with falls, cognitive impairment, disability, hospitalisation and institutionalisation \[[@CR4], [@CR23]\], and is the most common chronic condition leading to death in older adults \[[@CR24]\]. There may also be associations between impaired cardiovascular reflex control in community dwelling seniors and frailty \[[@CR25], [@CR26]\] and mortality \[[@CR27]\]. Impaired orthostatic control of blood pressure and cerebral blood flow are risk factors for falling in older adults living in long term care \[[@CR28]\], and OH may be related to impaired standing balance in older adults \[[@CR29]\]. Indeed, 11% of video-captured falls in elderly residents in long-term care occurred due to collapse or loss of consciousness, with 41% due to incorrect transfer or shift of bodyweight \[[@CR30]\]. The associations between OH, frailty, falls and mortality are of particular concern in older adults because one-third of individuals aged \> 65 years fall at least once each year \[[@CR31]\] and falls account for 85% of injury-related hospitalizations \[[@CR32]\]. Older adults in residential care are at particular risk of falls and fall-related injury \[[@CR33], [@CR34]\] and have a high incidence of OH \[[@CR35]\]. Given the potential interrelationships between frailty, OH, falling and mortality, in this study we aimed to: (i) develop a FI using a standardised data collection tool (MDS) to better evaluate frailty in older adults residing in long term care facilities; (ii) examine the relationships between frailty, OH and falling in older adults living in long term care facilities; (iii) evaluate the relative impact of frailty, OH and falling on mortality in older adults living in long term care facilities. The identification of those most at risk would enable targeted risk reduction.

Methods {#Sec2}
=======

This study received ethical approval from the Office of Research Ethics at Simon Fraser University and conforms to the principles outlined in the Declaration of Helsinki. Written informed consent was obtained prior to participation from the participants or their legal designate (with verbal assent). Participants were recruited from two long-term care facilities. They were eligible to participate if they had resided in the facility for at least two years, were aged ≥65 years, and it was possible to obtain access to their Minimum Data Set (MDS). Data were extracted from the MDS and used to derive an index of frailty. Falling risk was determined from facility fall incidence reports. A randomly selected subset of individuals (*n* = 55) also completed a cardiovascular assessment \[[@CR32]\] to determine susceptibility to OH. Participants were followed for 3 years from the date of assessment over which time their mortality was determined.

Cardiovascular assessment {#Sec3}
-------------------------

Participants underwent a passive seated orthostatic stress test according to our standard laboratory procedure \[[@CR32], [@CR36]\]. Participants remained in a supine position for 15 min prior to being passively moved to an upright-seated position for an additional 15 min of recordings. Beat-to-beat arterial blood pressure was continuously recorded throughout testing (Finometer® Pro, Finapres Medical Systems B.V., Amsterdam, The Netherlands). Heart rate and rhythm were monitored using a lead II electrocardiogram (ECG; Finapres ECG Module, Finapres Medical Systems, Amsterdam, The Netherlands). Data were sampled at 1 KHz using an analog:digital converter (Powerlab 16/30, AD Instruments, Colorado Springs, CO, USA). Cardiovascular assessments were conducted as close as possible in time to the date of completion of the MDS document. The mean time interval between the two measures was ±1.6 months.

Systolic (SAP), diastolic (DAP), and mean (MAP) arterial pressures were detected for each blood pressure waveform. Heart rate was also computed on a beat-to-beat basis. During the 15-min supine period, 30-s averages of all parameters were obtained to record a steady-state baseline value for each parameter. Responses to orthostasis were averaged over 5 s periods and were expressed both in absolute values, and as percentages relative to the supine value at the following time points: the lowest 5-s average in the upright phase (or highest for heart rate) within the first 30 s (*Initial);* first 3 min (*Consensus);* and from 3 to 15 min *(Delayed).* These hemodynamic intervals reflect clinically relevant time points for the varying definitions of OH \[[@CR37]\]. We focused particularly on SAP responses because they are associated with a number of clinical markers, including all-cause mortality \[[@CR26], [@CR27], [@CR38]\]. Consensus and Delayed OH were defined as a decrease in SAP ≥20 mmHg or in DAP ≥10 mmHg at each time point of interest \[[@CR37]\]. Initial OH was defined in two ways: (i) a decrease in SAP ≥40 mmHg or in DAP ≥20 mmHg within the first 30 s \[[@CR37]\]; (ii) as ≤80% recovery of SAP relative to the supine value at 60 s (*Recovery OH*) \[[@CR39]\].

Frailty {#Sec4}
-------

The Full Resident Assessment Instrument-Minimum Data Set (MDS) 2.0 is a standardized assessment used in all long-term care facilities across Canada and the USA. The full assessment is completed annually with a sub-assessment repeated every 3 months; over 30 countries are now collecting these data \[[@CR40]\]. We used this document to derive a list of 58 deficits (Additional File [1](#MOESM1){ref-type="media"}) that can be used to generate a frailty index (FI-MDS) according to previously established principles \[[@CR3], [@CR10], [@CR15], [@CR16], [@CR18]\]. Deficits were sub-grouped into 12 categories representing multiple functional domains (Additional File [2](#MOESM2){ref-type="media"}). Each deficit was assigned a 0 (absence of condition or attribute) or 1 (presence of condition or attribute) score. Body mass index was assigned a 0 score unless it was \< 18.5 kg/m^2^ or ≥ 30 kg/m^2^, in which case a score of 1 was assigned. Medication usage was scored according to the number of medications used: \> 5 = 1; \> 10 = 2; \> 15 = 3; \> 20 = 4 \[[@CR18]\]. Some variables in the frailty index that are concerned with the history of a disorder, and do not change over time, were derived from the full MDS assessment that is completed annually. The mean of the deficit scores was considered to be the frailty index, ranging from 0 (no deficits) to 1.0 (58 deficits).

Falling {#Sec5}
-------

Participants' falling susceptibility was ascertained through review of fall incident report forms from both facilities for the year preceding and the year following the date of the frailty score. As a requirement for accreditation in British Columbia, incident reports are completed for every fall event reported or witnessed within each facility \[[@CR41]\]. For some analyses, participants were categorised as being either a faller (≥1 retrospective falls in the past year) or a non-faller (0 retrospective falls in the past year), as in previous studies \[[@CR42], [@CR43]\]. Similarly, prospective falling was determined for the year following the date of the frailty score. Six participants declined consent for falling data to be collected.

Mortality {#Sec6}
---------

Participant all-cause mortality was determined at 36 months (3-year mortality) after the date of the initial assessment (defined as the date of completion of the MDS document or cardiovascular assessment). Survival rates were determined to the nearest month for all participants. Participant discharge to a higher level of care was also noted as an outcome.

Statistical analyses {#Sec7}
--------------------

Unless stated otherwise, all values are reported as mean ± standard error of the mean. Level of significance was set at α = 0.05. Statistical analyses were performed using SigmaPlot version 11 (Systat Software Inc., San Jose, CA). Differences between subgroups were examined using unpaired Student's t test or Mann-Whitney U test as appropriate, or Fisher's exact test for categorical data. Correlations between variables were determined with the Pearson or Spearman test for parametric or non-parametric data respectively. For correlative analyses, the FI-MDS was log transformed because the distribution was bimodal. Multiple linear regression analyses were conducted to identify factors influencing prospective falling rates (the number of falls in the year following the frailty assessment) and 3-year mortality. The relationship between retrospective and prospective falling rates in frail and non-frail individuals was examined using a two-way repeated measures analysis of variance. We used receiver operating characteristic (ROC) curves to evaluate the sensitivity and specificity of the FI-MDS to predict future falls and presence of Consensus OH. The area under the ROC curve (AUC) was also calculated. Log-Rank Kaplan Meier Survival analyses were completed to determine the influence of frailty, falling and the presence of Consensus OH on mortality. Mortality and discharge to a higher level of care were both considered to be "events".

Results {#Sec8}
=======

Participant demographics {#Sec9}
------------------------

We recruited 116 participants (mean age 84.2 ± 0.9 years, with 44% males) with a mean FI-MDS of 0.36 ± 0.01 (range 0.09--0.66) (Table [1](#Tab1){ref-type="table"}). The distribution of frailty was bimodal, with a crossing point at a FI-MDS = 0.27 (Fig. [1](#Fig1){ref-type="fig"}). There were no significant sex differences in FI-MDS (female 0.37 ± 0.02; male 0.34 ± 0.02; *p* = 0.272) (Fig. [1](#Fig1){ref-type="fig"}). There was a significant positive correlation between the FI-MDS and age (r = 0.278; *p* = 0.003) (Table [2](#Tab2){ref-type="table"}). Based on previous criteria \[[@CR15]\] 12% of our cohort would be considered "non-frail"; 27% "pre-frail"; 52% "more frail"; 14% "frail" and 9% "most frail". Overall, 64% of participants had experienced a fall in the previous year, with a mean fall rate of 2.36 ± 0.36 falls in the previous year (range 0--27 falls in the previous year). Those who had fallen previously were more likely to experience prospective falls (r = 0.549; *p* \< 0.001) (Table [2](#Tab2){ref-type="table"}). Cardiovascular data were obtained in a subset of 55 individuals. The prevalence of OH in these individuals was: Initial OH, 10%; Recovery OH, 6%; Consensus OH, 44%; Delayed OH, 49%. The overall incidence of OH, of any subtype, was 62%; 35% of individuals met criteria for more than one subtype of OH.Table 1Comparison between frail and non-frail individuals and between fallers and non-fallers (n = 116)AllNon-FrailFrail*p*Non-FallerFaller*p*N1163779--4070--FI-MDS0.36 ± 0.01**0.18 ± 0.010.44 ± 0.01\< 0.00010.31 ± 0.020.40 + 0.020.002**Age (years)84.2 ± 0.982.9 ± 1.784.8 ± 1.10.3385.0 ± 1.384.7 ± 1.10.89Male (%)44.048.641.80.3145.040.00.69Retrospective Falls/Year2.36 ± 0.36**1.03 ± 0.32.94 ± 0.50.0010 ± 03.71 ± 0.5\< 0.0001**Prospective Falls/Year3.26 ± 0.50**1.94 ± 0.43.84 ± 0.70.021.71 ± 0.374.10 ± 0.730.004**Supine SAP (mmHg)^a^138.1 ± 3.4138.9 ± 4.1137.4 ± 5.40.83137.2 ± 5.3140.4 ± 5.10.66Supine DAP (mmHg)^a^69.3 ± 1.666.8 ± 2.571.5 ± 2.10.1567.8 ± 2.471.0 ± 2.50.36Initial HR response (bpm)^a^6.7 ± 1.2+ 5.5 ± 1.1+ 8.2 ± 2.20.215.5 ± 1.17.9 ± 2.20.33Recovery SAP (%)^a^101.5 ± 2.1*105.5 ± 2.997.9 ± 2.80.06*104.3 ± 3.899.8 ± 2.30.31Initial ∆SAP (mmHg)^a^−12.30 ± 2.8**−6.1 ± 3.3−17.8 ± 4.20.03***−6.0 ± 4.0−15.8 ± 3.90.08*Consensus ∆SAP (mmHg)^a^−17.2 ± 2.8**−11.5 ± 3.3−22.7 ± 4.30.04***−11.2 ± 3.9− 21.5 ± 4.20.07*Delayed ∆SAP (mmHg)^a^−15.7 ± 2.44−14.4 ± 2.0−16.9 ± 4.40.61−12.4 ± 3.7−19.4 ± 3.70.193-year Mortality (months)22.6 ± 1.1**27.1 ± 1.920.5 ± 1.30.006**21.8 ± 1.923.1 ± 1.40.57Abbreviations: *SAP* systolic arterial pressure, *DAP* diastolic arterial pressure, *HR* heart rate, FI-MDS, minimum data set derived frailty index. ^a^sample size for these variables, n = 55 (non-frail *n* = 25; frail *n* = 30; non-faller *n* = 21; faller *n* = 34). Bold data indicate statistically significant differences. Italicised data indicate differences that did not quite achieve statistical significanceFrail individuals had higher retrospective and prospective falling rates, larger initial and consensus declines in systolic arterial pressure, and higher 3-year mortality than non-frail individuals. Retrospective fallers were more frail and had higher prospective falling rates than retrospective non-fallers. The outcome of mortality was considered met in participants who had died after 36 months (n = 69) or who had been discharged to a higher level of care (n = 6)Fig. 1Distribution of FI-MDS for the cohort as a whole (n = 116). The density distribution of the FI-MDS was bimodal, with two subgroups of non-frail and frail individuals. The crossing point distinguishing the two sub groups was approximately FI-MDS = 0.27. The horizontal box plots represent the mean FI-MDS in males and femalesTable 2Correlations between frailty, falling, markers of impaired blood pressure control and mortality (n = 116)Frailty (FI-MDS)Prospective Falls/Yearr*p*r*P*Frailty (FI-MDS)----**0.2050.033**Age (years)**0.2780.003**0.0680.485Retrospective Falls/Year**0.3020.0010.549\< 0.00001**Prospective Falls/Year**0.2050.033**----Initial Nadir SAP (mmHg)^a^**−0.2960.037***−0.2740.072*Consensus Nadir SAP (mmHg)^a^*−0.2350.097−0.2760.069*Delayed Nadir SAP (mmHg)^a^−0.1270.373**−0.3020.046**Recovery SAP (mmHg)^a^−0.2220.130**−0.3540.022**Recovery SAP (%)^a^−0.1980.177−0.2290.1453-year Mortality (months)**−0.2820.003**0.0350.719Abbreviations: *SAP* systolic arterial pressure, *FI-MDS* minimum data set derived frailty index. ^a^sample size for these variables, *n* = 55. Bold data indicate statistically significant differences. Italicised data indicate differences that did not quite achieve statistical significanceFrailty was correlated with both retrospective and prospective falling rates, the initial orthostatic decrease in blood pressure, and 3-year mortality. The prospective falling rate was correlated with the retrospective falling rate, the magnitude of the orthostatic decrease in blood pressure, and the initial recovery in blood pressure. The outcome of mortality was considered met in participants who had died after 36 months (n = 69) or who had been discharged to a higher level of care (n = 6)

Comparisons between frail and non-frail sub-groups {#Sec10}
--------------------------------------------------

Participants were subdivided into two groups based on the bimodal distribution of frailty in this cohort, and classified as non-frail (FI \< 0.27; *n* = 37) and frail (FI ≥ 0.27; *n* = 79) (Table [1](#Tab1){ref-type="table"}). Individuals who were frail had significantly higher retrospective and prospective falling rates than those who were non-frail (Table [1](#Tab1){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}). Frail individuals also had higher 3-year mortality than those who were non-frail (Table [1](#Tab1){ref-type="table"}); there was a significant correlation between frailty and 3-year mortality (r = − 0.282; *p* = 0.003) (Table [2](#Tab2){ref-type="table"}). Supine blood pressures and the heart rate responses to orthostasis were similar in the two groups (Table [1](#Tab1){ref-type="table"}). Those who were frail had larger initial and Consensus declines in systolic arterial pressures than those who were non-frail (Table 1 and Fig. [3](#Fig3){ref-type="fig"}). The percentage recovery of the initial decrease in SAP tended to be impaired in frail individuals compared to non-frail individuals, but this did not quite reach statistical significance (*p* = 0.06). In frail individuals the prevalence of Initial OH, Recovery OH, Consensus OH and Delayed OH was 15, 12, 56 and 49%. In non-frail individuals the prevalence of Initial OH, Recovery OH, Consensus OH and Delayed OH was 4, 0, 32 and 48%. The magnitude of the initial decrease in SAP was negatively correlated with frailty (Table [2](#Tab2){ref-type="table"}). The relationship between frailty and the Consensus decrease in SAP did not quite achieve statistical significance (*p* = 0.097).Fig. 2Retrospective and prospective falling rates in individuals who were frail and non-frail (n = 116). Those who were frail had higher retrospective and prospective falling rates (falls/year) than those who were non-frailFig. 3*Severity of orthostatic hypotension in frail and non-frail individuals (n = 55).* Those who were frail had larger Initial (**a**), and Consensus (**b**) declines in SAP than those who were non-frail. The delayed decline in SAP (**c**) was not different between groups. Solid horizontal lines indicate the median and dotted horizontal lines represent the mean. Abbreviations: *SAP* systolic arterial pressure, *NS* not significant

We considered whether the subdomains from which the frailty scores were comprised were different between those who were frail and those who were non-frail (Fig. [4](#Fig4){ref-type="fig"}). There was a higher prevalence of deficits in each of the subdomains considered in the frail than the non-frail individuals, with the exception of cardiovascular disease and respiratory disease, which were equally prevalent in both frail and non-frail participants.Fig. 4*Proportion of frail and non-frail individuals within each subdomain of deficits reported in the FI-MDS (n = 116).* Individuals were considered to be frail when their frailty index (FI-MDS) was ≥0.27. For a full description of the deficits considered within each subdomain see Additional File [2](#MOESM2){ref-type="media"}. Abbreviations: ADL, activities of daily living

Given that OH manifests with reduced cerebral perfusion as a consequence of hypotension, we considered whether the cognitive symptoms considered were different between those with and without OH (Fig. [5](#Fig5){ref-type="fig"}). There were no significant differences in cognitive symptoms between those with and without OH. However, there was a higher incidence of admission to an Alzheimer's or dementia special care unit among those who were frail (49%) compared to those who were not (16%) (*p* = 0.0009). There was a higher incidence of admission to an Alzheimer's or dementia special care unit among retrospective fallers (43%) compared to non-fallers (23%) (*p* = 0.039).Fig. 5*Frequency of Consensus orthostatic hypotension (OH) among each cognitive symptom reported in the FI-MDS (n = 55).* Individuals were considered to have Consensus OH when there was decrease in SAP ≥20 mmHg or in DAP ≥10 mmHg within the first 3 min of being upright. Abbreviations: *OH* orthostatic hypotension

Relationships with retrospective falling risk {#Sec11}
---------------------------------------------

Those who had fallen in the previous year were more frail (FI-MDS: 0.40 ± 0.02) than those who had not fallen (FI-MDS: 0.31 ± 0.02; *p* \< 0.01) (Table [1](#Tab1){ref-type="table"}) and the prevalence of frailty was greater among individuals who had previously fallen (79%) compared to those who were not fallers (55%) (*p* = 0.0165). Those who had fallen in the previous year were more likely to fall in the following year than those who had not experienced a prior fall (mean prospective falling rate: prior fallers 4.10 ± 0.73 and prior non-fallers 1.71 ± 0.37 falls respectively, *p* = 0.004); there was a significant correlation between retrospective and prospective falling rates (r = 0.549, *p* \< 0.00001) (Table [2](#Tab2){ref-type="table"}). Those who had fallen previously tended to have larger Initial (non-fallers − 6.0 ± 4.0 mmHg; fallers − 15.8 ± 3.9; *p* = 0.08) and Consensus (non-fallers − 11.2 ± 3.9 mmHg; fallers − 21.5 ± 4.2 mmHg; *p* = 0.07) declines in systolic blood pressure compared to non-fallers, although this did not quite achieve statistical significance. In fallers the prevalence of Initial OH, Recovery OH, Consensus OH and Delayed OH was 12, 9, 54, and 46%. In non-fallers the prevalence of Initial OH, Recovery OH, Consensus OH and Delayed OH was 5, 5, 45, and 38%.

Relationships with prospective falling risk {#Sec12}
-------------------------------------------

There were significant positive correlations between frailty and both retrospective (r = 0.302, *p* \< 0.001) and prospective falling risk (r = 0.205, *p* = 0.03) (Table [2](#Tab2){ref-type="table"}). The severity of the orthostatic reduction in SAP was also significantly correlated with prospective falling at the Delayed time-point (r = − 0.302, *p* = 0.046), and almost reached statistical significance for Initial (*p* = 0.072) and Consensus (*p* = 0.069) time points (Table [2](#Tab2){ref-type="table"}**)**. The blood pressure at the 1-min recovery time-point was also correlated with the prospective falling risk (r = − 0.354, *p* = 0.022). Multiple regression analyses revealed that prospective falling could be predicted from a linear combination of FI-MDS and retrospective falling incidence (r = 0.550, p \< 0.001). Prediction of prospective falling was enhanced when the recovery SAP was included in the model (r = 0.718, p \< 0.001). The likelihood an individual would go on to fall prospectively was predicted with a sensitivity of 93% and specificity of 38% (prospective falling rate = 10.792-(0.0671 x SAP 1 min) + (0.802 x FI-MDS) + (1.233 x number of falls in the past year)).

Frailty as a predictor of consensus OH and prospective falling risk {#Sec13}
-------------------------------------------------------------------

We considered whether the presence of frailty (based on the FI-MDS ≥0.27) was a predictor of prospective falling risk, or the presence of Consensus OH (the most commonly reported clinical subtype of OH). Receiver operating characteristic (ROC) curves were determined.

The presence of Consensus OH was predicted by frailty with 68% sensitivity and 60% specificity. Use of a more stringent cut-off for frailty (FI-MDS ≥ 3.0) did not improve the ability to predict the presence of Consensus OH from the FI-MDS (67% sensitivity and 58% specificity).

The risk of prospective falls (≥ 1 fall in the subsequent year) was predicted by frailty with 72% sensitivity and 36% specificity. We also considered whether the FI-MDS would better identify those at risk of recurrent falls, defined as ≥3 falls in the subsequent year (AUC: 0.586; sensitivity 80%; specificity 37%) or as ≥5 falls in the subsequent year (AUC: 0.643; sensitivity 83%; specificity 34%). Use of a more stringent cut off (FI-MDS ≥ 3.0) provided 83% sensitivity and 42% specificity to identify those at risk of recurrent falls (≥ 5 falls) in the subsequent year.

Frailty, OH, falling and 3-year mortality {#Sec14}
-----------------------------------------

We considered the impact of frailty, falling and OH on 3-year mortality. The mortality end-point was considered to have been met where the participant died or was discharged to a higher level of care.

At the 3-year time point, 69 (60%) participants had died and 6 (5%) had been discharged to a higher level of care, with 41 (35%) participants alive and still resident in the long-term care facility. Individuals who were frail (FI ≥ 0.27) had a higher mortality (20.5 ± 1.3 months) than those were not frail (27.1 ± 1.9 months; *p* = 0.006). There were no significant differences in mortality between those with and without Consensus OH, or fallers (≥ 1 fall in the previous year) and non-fallers. Kaplan-Meier survival analyses revealed significantly higher 3-year mortality in individuals who were frail (*p* = 0.005) (Fig. [6](#Fig6){ref-type="fig"}). We constructed receiver operating characteristic (ROC) curves to evaluate the ability to predict 3-year mortality from the frailty index (Fig. [6](#Fig6){ref-type="fig"}). The presence of frailty (FI-MDS ≥0.27) was a significant predictor of mortality with a sensitivity of 77% and specificity of 49% (AUC = 0.651; *p* = 0.007).Fig. 6Relationships between frailty and 3-year mortality. (**a**) Kaplan-Meier survival analyses showing the impact of frailty (FI-MDS) on mortality (n = 116). The outcome of mortality was considered met in participants who had died after 36 months (*n* = 69) or who had been discharged to a higher level of care (n = 6). Individuals who were frail (FI-MDS ≥0.27) had a significantly higher 3-year mortality (*P* \< 0.005) than those who were non-frail. (**b**) Receiver Operating Characteristic (ROC) curve for the prediction of 3-year mortality (n = 116) from the FI-MDS. The area under the curve (AUC) was 0.651 (*p* = 0.007) with 77% sensitivity and 49% specificity to predict 3-year mortality based on a FI-MDS ≥ 0.27

Multiple regression analyses examining the relative contributions of Consensus OH, frailty and retrospective falling on 3-year mortality (R = 0.443, *p* = 0.013) identified a significant contribution from frailty (β = − 11.5 ± 3.6, *p* = 0.002). The contribution from Consensus OH did not quite achieve significance (β = 6.0 ± 3.3, *p* = 0.076). Falling status was not a significant determinant of 3-year mortality (β = 5.8 ± 3.4, *p* = 0.102).

Discussion {#Sec15}
==========

We have demonstrated that frailty can be captured using a validated frailty index generated using MDS data in elderly individuals living in long term care, and is related to orthostatic cardiovascular control, falling risk and all-cause mortality. Frail individuals had larger Initial and Consensus orthostatic reductions in SAP, with impaired blood pressure recovery, a higher prevalence of OH, and greater mortality. Frail individuals also experienced higher prospective and retrospective rates of falling than the non-frail. Multiple regression analyses predicted prospective falling based on the frailty score and retrospective falling rates. The presence of OH and risk of future falls could be determined from the FI-MDS with high sensitivity (but poor specificity). The FI-MDS was also predictive of all-cause 3-year mortality.

Use of the MDS to generate a frailty index {#Sec16}
------------------------------------------

We used data obtained from the MDS to generate the frailty index in a manner consistent with a previous frailty index generated from the MDS in older adults admitted to acute care hospitals \[[@CR18]\]. The benefits of this approach are that the frailty index could be derived from readily available data that is collected and updated consistently in long term care facilities without additional testing or scoring. In addition, in this older adult care home population there was a high incidence of individuals with mobility impairment and cognitive impairment, who may have found additional testing or questioning to evaluate phenotypic frailty prohibitively challenging. We considered whether use of a frailty index in an elderly care home population would be susceptible to a ceiling effect, but this was not the case, further highlighting the utility of this approach. As in previous studies, the FI we used assigned individual deficit scores using dichotomised variables \[[@CR3]\]. Despite concerns that this may mitigate reliability and validity of responses \[[@CR40]\], this approach has been extensively validated previously \[[@CR11], [@CR17]\]. Although use of the MDS document to generate a frailty score in the long term care setting has not been previously validated, the concept of a frailty index based on dichotomised variables from a variety of deficits is not new, and has been extensively validated previously \[[@CR3], [@CR18], [@CR43]\]. Furthermore, use of a frailty index derived from the MDS has been validated in the acute care hospital setting \[[@CR18]\]. This provides confidence in our use of an MDS-based frailty index in older adults in long term care.

In frail individuals, the greater deficit accumulation that they exhibited encompassed all domains considered, with the exception of respiratory disease and cardiovascular disease, which were equally distributed between the frail and non-frail. This may reflect the high general incidence of cardiovascular and respiratory disorders in older adults living in residential care, and suggests that the presence of cardiovascular or respiratory disease in older adults does not necessarily convey a risk of frailty in the absence of deficits in other domains.

We found a higher incidence of dementia among those who were frail, and this is consistent with previous literature \[[@CR10], [@CR44]\]. In frailty evaluations, mild cognitive impairments are often considered separately from severe dementia as the latter usually involves more disability, poorer physical performance and behavioural problems \[[@CR44]\]. Given their close association, the consideration of cognitive impairment separately to dementia is important to avoid the FI becoming an indicator of dementia, and this was the approach taken in the present study. In addition to the association between dementia and frailty, we also found a higher incidence of dementia in those who had previously fallen than those who had not fallen. This may reflect a higher risk for falls in those with dementia, and/or an indirect association mediated by the higher incidence of frailty in prior fallers and those with dementia \[[@CR45]\].

Similar to previous literature \[[@CR2]\], frailty was positively associated with age. However, unlike in previous reports, it was not related to sex \[[@CR44], [@CR46]\]. This may reflect the demographics of older adults residing in long term care, which showed a predominance of females and a high proportion of frail individuals. Since those in a care home setting may have more deficits in general compared to community dwelling counterparts, sex differences in FI may be lost. In addition to population-based differences, methodological differences in the generation of the FI and scoring cut-point may also contribute to the ability to identify sex differences in frailty.

In this older institutionalised population, the frailty score was higher (FI 0.36 ± 0.01, aged 84 ± 0.9 years) than in a previous report of a vast sample of Canadian community dwelling seniors (FI 0.16 ± 0.1, aged 75 years) \[[@CR15]\] but similar to other FI derived from long term care populations (FI 0.35 ± 0.1, aged 86 ± 0.2 years \[[@CR47]\]; FI 0.35 ± 0.1, aged 88 ± 0.3 years \[[@CR44]\]) and older adults admitted to acute care hospitals (FI 0.32 ± 0.1, aged 81 ± 0.2 \[[@CR18]\]. Accordingly, we used a higher cut-point to distinguish the frail and non-frail in the present study, compared to one recommended cut point of 0.21 \[[@CR15]\]. We defined the cut-point for frailty as 0.27 because this was the intersection point of the bimodal distribution of the FI-MDS in this cohort of older adults living in long term care. This approach was also used in a previous report which used the distributions of frail and non-frail individuals to derive an approximate frailty cut-point of 0.25 in community dwelling older adults \[[@CR48]\]. Given that older adults in long term care are more frail than their community dwelling counterparts, a higher cut-off is needed to differentiate frail and non-frail individuals within a cohort with higher deficit accumulation. It is also important to note the wide range of FI-MDS values in the present study, which demonstrates the utility of this approach to stratify frailty, even in older adults resident in long term care, and was necessary to be able to detect associations between frailty and cardiovascular or falling outcomes.

Relationships between frailty and orthostatic hypotension {#Sec17}
---------------------------------------------------------

We showed that individuals who were frail had larger Initial and Consensus declines in blood pressure, and impaired blood pressure recovery, upon the assumption of a seated posture. These findings are important because OH is known to be associated with considerable decrements in morbidity and mortality \[[@CR18], [@CR49]\] as well as cognitive decline \[[@CR50]\]. Indeed, the severity of Consensus OH tended to be associated with 3-year mortality (*p* = 0.076) in the present study. We and others have previously described an increased risk of falling in individuals with OH, perhaps mediated by impaired cerebral perfusion \[[@CR32]\] and this has a devastating impact, particularly in the elderly, in whom fall-associated injuries can limit independence and initiate terminal decline.

Our findings are compatible with previous reports in community-dwelling older adults that showed impaired initial orthostatic blood pressure control in those with increasing severity of frailty \[[@CR2]\], which was identified as an independent predictor for falls \[[@CR39]\]. Indeed, we showed that when stratified according to prior falling susceptibility, those with a history of falls tended to have more severe Initial and Consensus OH. The extension of these observations to older adults residing in long-term care further highlights the importance of considering frailty and OH as risk factors for falls, and implementation of management approaches that are tailored to those most at risk.

A previous study showed that a higher FI was associated with more symptoms of orthostatic intolerance in community dwelling participants \[[@CR22]\]. However, unlike in the present study, they did not find an association between FI and objective measures of blood pressure, perhaps reflecting the different blood pressure measurement approaches employed. In the current study we used continuous beat-to-beat blood pressure instead of intermittent monitoring, better enabling identification of orthostatic blood pressure changes and therefore revealing greater susceptibility to OH in the frail cohort. The disconnect reported previously between symptoms of OH and objective measures of orthostatic blood pressure may reflect that in some individuals with chronic hypotension it becomes somewhat well tolerated without overt symptoms, but may nevertheless be detrimental and impair cognitive function \[[@CR51]\].

Given the previously reported associations between OH and cognitive impairment \[[@CR50]\] we considered whether the incidence of deficits associated with cognitive symptoms was greater in those with OH than those without OH. We found that the incidence of Consensus OH (the most frequently reported sub-type of OH) was not greater in those with cognitive symptoms than those without. While this differs from previous associations, this does not necessarily mean that OH has no effect on cognition, merely that when cognitive disorders are considered as "present" or "absent" according to the concept of deficit accumulation, there is no distinction between OH subgroups; we may have observed a difference if the *severity* of the cognitive impairment were evaluated in the context of OH.

In the present study, both Initial and Consensus blood pressure responses were associated with frailty, but not Delayed responses. This might suggest that frail individuals are at particular risk for OH and associated falls in the first minutes after posture change or transfer, and suggests that care home staff pay particular attention to risk mitigation for frail older adults as they perform transfers or change posture. Another possibility is that Delayed OH is common among all older adults in long term care (49%), resulting in the lack of a difference between frail and non-frail groups. Further investigation could help elucidate the relationship between Delayed OH and frailty in older adults.

In frail older adults, there may be particular benefit to screening for OH, using this simple seated orthostatic stress test. The results of this test may be a warning sign for more conservative management of OH, such as medication adjustment, maintenance of adequate hydration, and sleeping with the head of the bed elevated \[[@CR52]\]. Risks of falling increase in those with gait disturbance, poor balance, cognitive impairments, multiple comorbidities, and polypharmacy. These risk factors are associated with OH and are criteria often used to derive many FI \[[@CR32]\]. This simple test could accompany the existing FI and provide further risk stratification of patients. Older adults who are both frail and exhibit impaired orthostatic blood pressure control are at particular risk for future falls and should receive tailored management accordingly.

For those who are not able to complete an orthostatic stress test, the FI may provide a modest surrogate marker for susceptibility to OH, whereby those with a FI ≥ 0.27 were at higher risk of experiencing both Initial and Consensus OH.

Relationships between frailty and falling {#Sec18}
-----------------------------------------

We showed that individuals who were frail were more likely to have fallen in the past year, and went on to have more falls in the subsequent year. In a mixed sample of community dwelling and older adults resident in long term care in Canada, the FI was also correlated with future falls (r = 0.12; *p* \< 0.001) \[[@CR53]\]. In the current study of elderly residents in long term care facilities, the correlation between FI-MDS and prospective falls was slightly stronger (r = 0.21, *p* = 0.03), perhaps reflecting the higher risk of falls and frailty in general in this cohort.

We showed that prospective falling could be quite reliably predicted from a linear combination of FI-MDS and retrospective falling incidence (r = 0.550, *p* \< 0.001). Further studies should evaluate the usefulness of the combination of FI-MDS and retrospective fall data to predict prospective falls.

ROC analyses showed that FI-MDS predicts future falls with reasonable sensitivity (\~ 80%), but poor specificity. These results are comparable to other ROC analysis examining the utility of a FI to predict future falls in community dwelling adults \[[@CR54]\]. Accordingly, use of the FI-MDS could be a useful simple screening tool to identify those who are at risk of future falls (with a FI ≥0.27), with the caveat that it would be less effective for excluding those who are not likely to experience future falls. This could be followed up with additional evaluation, to better identify those who are less likely to experience future falls \[[@CR55]\]. As noted previously, older adults who are both frail and exhibit impaired orthostatic blood pressure control are at particular risk for future falls and should receive tailored management to mitigate this risk.

Relationships between frailty and mortality {#Sec19}
-------------------------------------------

We have shown that the presence of frailty (FI-MDS ≥ 0.27) predicts 3-year mortality even in a cohort of individuals where the number of deficits and mortality rates are high. This is also seen in other studies, suggesting that the FI does not exhibit a ceiling effect for individuals living in long term care \[[@CR56]\]. In community dwelling adults, the presence of frailty increases the risk of death at any age \[[@CR57]\]. This can be observed even among cohorts with high levels of frailty, such as individuals living in long term residential care facilities \[[@CR15], [@CR44], [@CR56]--[@CR58]\]. ROC analyses showed that FI-MDS predicted 3-year mortality with reasonable sensitivity (77%), but poor specificity. These results are similar to previous reports using a FI to predict mortality within a 3 year follow up period \[[@CR54]\] and further highlights the utility and robustness of the relationship between the FI-MDS and mortality among older care home residents, while recognising that mortality in general is high in this population. In the present study, the presence of prior falls was not significantly associated with mortality, while the presence of Consensus OH tended to be associated with higher mortality (*p* = 0.07). The lack of clear contribution to 3-year mortality from OH and falling may reflect the high levels and collinearity of OH (62%), falling (64%) and 3-year mortality (65%) in this cohort.

Limitations {#Sec20}
===========

We used the MDS to derive the FI. While this approach was in keeping with the philosophy of previously validated frailty indices based on deficit accumulation \[[@CR3], [@CR10]\], and has been validated in the acute care hospital setting \[[@CR18]\], the MDS was not designed for this purpose. Accordingly, while this does provide a convenient tool, the approach has not been fully validated. However, there is precedent for the use of routine data collection tools in older adults living in long term care homes to generate FI, with two validated FI developed from the Risk Assessment Index (RAI) \[[@CR17]\] and the Complete Geriatric Assessment (CGA) \[[@CR11]\]. Given that the mean FI derived from our FI-MDS was similar to other FI in home care populations, it is likely that this approach is suitable, but further validation of this method is needed.

The relatively small sample size in the present study, particularly for the OH measures, provides an obvious potential limitation impacting statistical power. Nevertheless, we were able to detect significant differences in orthostatic cardiovascular control between frail and non-frail individuals, and between fallers and non-fallers, as well as links to all-cause mortality, suggesting statistical confidence in our data. Future expansion of these observations to larger cohorts would be of benefit.

We did not include potential confounding factors in our analyses; however, they are incorporated within the frailty score by definition. These confounding factors would be considered as deficits according to specific criteria outlined previously \[[@CR3]\] and so would be indirectly incorporated.

While we found significant relationships between frailty, falling, OH and mortality, it is likely that our measures of OH represent an underestimation of the true presence of OH in this cohort, because we evaluated OH during a relatively mild orthostatic stress, with passive seated orthostatic stress. The use of a standing posture might be expected to induce larger blood pressure declines and therefore reveal the presence of OH in more individuals. We opted to use seated orthostatic stress in this frail cohort because many participants would have found it difficult to complete a standing test. Furthermore, we showed previously that blood pressure responses to passive seated and standing orthostatic stresses are similar, at least for the first 8 min of assumption of the upright position \[[@CR28]\], suggesting that our findings in the Initial and Consensus phases (first 3 min) are likely to be robust and reflective of the true incidence of OH in this cohort. One benefit of this approach is that a key factor associated with frailty and falling was the systolic blood pressure 1-min after the assumption of a passive seated position (Recovery OH). This test is simple, quick, practical and well-tolerated and could easily be incorporated into routine assessments. However, we accept that the inability to detect differences in the magnitude and prevalence of Delayed OH between frail and non-frail individuals could, at least in part, reflect the low level of orthostatic stress employed, because after 8 min responses to seated orthostatic stress are significantly smaller than during standing \[[@CR28]\]. Accordingly, it is possible that the incidence and impact of Delayed OH in this cohort (49%) is an underestimate of the true scope of this issue.

In six individuals mortality data were not available because they were discharged from the facility to a higher level of care. In this cohort of individuals this is typically a herald of end of life care, and mortality occurs soon after discharge. We, therefore, included these individuals in our analysis as if the mortality end-point was met within one month of that time, which may not always have been the case. However, we do not believe this impacted our results, because when we repeated our analyses excluding these participants our results were unchanged.

Conclusions {#Sec21}
===========

We have demonstrated that frailty can be captured using a validated frailty index \[[@CR3]\] generated using MDS data in elderly individuals living in long term care, and is related to orthostatic cardiovascular control, falling risk and all-cause mortality. Frail individuals had larger Initial and Consensus orthostatic reductions in SAP, with impaired blood pressure recovery, a higher prevalence of OH and a higher mortality rate. Frail individuals also experienced higher prospective and retrospective rates of falling than the non-frail. Older adults who are both frail and have impaired orthostatic blood pressure control have a particularly high risk of falling and should receive tailored management to mitigate this risk. Use of the MDS to generate a frailty index may represent a simple and convenient tool for risk assessment of falling, OH and mortality in older adults living in long term care.

Additional files
================

 {#Sec22}

Additional file 1:*Full Resident Assessment Instrument - Minimum Data Set 2.0 coded into a frailty index (FI-MDS).* \*Count if under dressing or personal hygiene but do not double count with P3g. ^‡^If either MDS category is present, score the deficit as 1. Abbreviations: ADL, activities of daily living; ALS, Amyotrophic Lateral Sclerosis; BMI, body mass index; MDS, minimum data set; MS, multiple sclerosis; FI, frailty index; COPD, chronic obstructive pulmonary disease. (DOCX 17 kb) Additional file 2:*Domains of the Full Resident Assessment Instrument - Minimum Data Set 2.0 considered for generation of the frailty index (FI-MDS) (58 Items in total).* Each subdomain comprises related components of the MDS document. (DOCX 12 kb)

FI

:   derived frailty index

MDS

:   Minimum data set

AUC

:   area under curve

CGA

:   Comprehensive geriatric assessment

DAP

:   Diastolic arterial pressure

FI

:   Frailty index

MAP

:   Mean arterial pressure

MDS

:   minimum data set

OH

:   Orthostatic hypotension

RAI

:   Risk analysis index

ROC

:   receiver operating curve

SAP

:   Systolic arterial pressure

We are grateful to the staff and residents of the Delta View and New Vista care societies for their participation in this research.

Funding {#FPar1}
=======

This work was supported by team grants from the Canadian Institutes for Health Research (AMG-100487 and TIR-103945). This work was also supported in part by a Heart and Stroke Foundation of Canada New Investigator Award (VEC).

Availability of data and materials {#FPar2}
==================================

Due to legal and ethical restriction, data cannot be made publically available. Data will be made available upon request; however, only aggregate data may be in the public domain according to the stipulations from our research ethics board with respect to the maintenance of confidentiality. Additional published or public analyses would only be permitted with ethics approval for secondary data access, and only with aggregate analyses. Requests can be sent to Dina Shafey, Associate Director, Office of Research Ethics, Simon Fraser University (dshafey\@sfu.ca).

BHS, KS, DB, CK, YY, SNR, VEC were involved in study conception, design and interpretation of the results. BHS, KS, DB, CK, YY, VEC performed data collection and analyses. DB and VEC drafted the manuscript. All authors read, provided critical edits, and approved the final manuscript.

Ethics approval and consent to participate {#FPar3}
==========================================

This study received ethical approval from the Department of Research Ethics at Simon Fraser University and conforms to the principles outlined in the Declaration of Helsinki. Written informed consent was obtained prior to participation from the participants or their legal designate (with verbal assent). Participants were recruited from two long-term care facilities in British Columbia (Delta View and New Vista Society) and were eligible to participate if they had resided in the facility for at least two years, were aged ≥65 years, and it was possible to obtain access to their MDS.

Consent for publication {#FPar4}
=======================

Not applicable.

Competing interests {#FPar5}
===================

The authors declare that they have no competing interests.

Publisher's Note {#FPar6}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
